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Study of Particulate Air Pollution and Mortality

INTRODUCTION

The American Cancer Society (ACS) Cancer Pre-
vention Study II (CPS-1I), a large ongoing prospec-
tive study of mortality in adults initiated in 1982,
was one of two U.S. cohort studies central to the
1997 debate on the National Ambient Air Quality
Standard (NAAQS) for fine particulate air pollution
inthe United States. Because of the high importance
of the original ACS study in formulating regulations
and the controversy generated by the limitations
of that study, the U.S. Environmental Protection
Agency (U.S. EPA), the Congress, and industry re-
quested that the Health Effects Institute conduct
the Particle Epidemiology Reanalysis Project with
the objective of independently and rigorously as-
sessing the original data and findings. The results
of the Reanalysis Project validated the quality of
the original data (which included 7 years of follow-
up), replicated the original results, and tested those
results against alternative risk models and analytic
approaches.

After the Reanalysis Project, Dr. Arden Pope and
colleagues undertook an Updated Analysis of the
ACS cohort using an additional 10 years of follow-
up and exposure data. Recent advances in statistical
modeling were incorporated into these analyses.

As described in Research Report 140, Dr.
Daniel Krewski and colleagues, with HEI's support,
conducted an Extended Analysis of the same co-
hort. This research increases the follow-up period
for the ACS cohort to 18 years (1982 to 2000) — 11
years more than the original study. The investiga-
tors have produced national estimates of the risks
of death from various causes and have extended the
range of analyses to include refinements of statisti-
cal methods and incorporate sophisticated control
of bias and confounding.

SUMMARY

The cohort for the current study consists of
approximately 360,000 participants residing in ar-
eas of the country that have adequate monitoring
information on levels of particulate matter with an
aerodynamic diameter of 2.5 pm or smaller (PM, ;)
for 1980 and about 500,000 participants in areas
with adequate information for 2000. The causes of
death obtained from death certificates during fol-
low-up that were analyzed included all causes, car-
diopulmonary disease (CPD), ischemic heart dis-
ease (IHD, reduction of blood supply to the heart,
potentially leading to heart attack), lung cancer,
and all other causes. Data for 44 personal, individ-
ual-level covariates, based on participants’ answers
to a 1982 enrollment questionnaire, were also used
for the analyses. Dr. Krewski’s research team also
collected data for seven ecologic (neighborhood-
level) covariates, each of which represents local
factors known or suspected to influence mortal-
ity, such as poverty level, level of education, and
unemployment (at both Zip Code and city levels).

Long-term average exposure variables were
constructed for PM,; from monitoring data for
two periods: 1979-1983 and 1999-2000. Similar
variables were constructed for long-term expo-
sure to other pollutants of interest from single-year
(1980) averages, including total suspended par-
ticles, ozone (O;), nitrogen dioxide, and sulfur di-
oxide (SO,). Exposure was averaged for all monitors
within a metropolitan statistical area (MSA) and as-
signed to participants according to their Zip Code
area (ZCA) of residence.

Dr. Krewski’s team chose the standard Cox pro-
portional-hazards model (and a variation to allow
for random effects) to calculate hazard ratios for
various cause-of-death categories associated with
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the levels of air pollution exposure in the cohort. They
extended the random effects Cox model to accommo-
date two levels of information for clustering and for
ecologic covariates. Three main analyses were con-
ducted: a Nationwide Analysis, Intra-Urban Analyses
in the New York City (NYC) and Los Angeles (LA) re-
gions, and an analysis designed to investigate whether
critical time windows of exposure to pollutants might
have affected mortality in the cohort.

Nationwide Analysis

For the Nationwide Analysis using the standard
Cox model, the associations between average PM, ;
concentrations in both 1979-1983 and 1999-2000 and
mortality from all causes (except the category of “all
other causes”) were statistically significant. The haz-
ard ratio (HR) for death was elevated by 3% to 15%,
depending on the cause of death, for each increase of
10 pg/m3 in PM, 5. When the random effects Cox mod-
el was used with added control for ecologic covariates,
the effect estimates increased slightly and remained
significant; the strongest estimate was for IHD (HR =
1.24; 95% confidence interval [CI], 1.19-1.29). These
effect estimates were, in general, higher than those
found in some previous analyses of this cohort. The
association of mortality with summer O, levels (cal-
culated from concentrations measured from April to
September 1980) was small, but significant, for deaths
from all causes (HR = 1.02; 95% CI, 1.01-1.03) and
from CPD (HR =1.03; 95% CI, 1.02-1.04).

In earlier analyses of this cohort, investigators
found that increasing education levels appeared to re-
duce the effect of PM, ; exposure on mortality. Results
from the current study show a similar pattern, although
with somewhat less certainty, for all causes of death ex-
cept IHD, for which the pattern was reversed.

Intra-Urban Analyses

For the NYC Analysis, land-use regression (LUR)
models were created to estimate exposure to PM, ; us-
ing concentrations averaged over 3 years or over the
winter months only for 1 year. Annual average con-
centrations were calculated for each of 62 monitors
from 3 years of daily monitoring data for 1999 through
2001. Those data were combined with land-use data
collected from traffic-counting systems, roadway net-
work maps, satellite photos of the study area, and local
government planning and tax-assessment maps to as-
sign estimated exposures to the ACS participants. As

with the Nationwide Analysis, the team used the ran-
dom effects Cox model to calculate HRs and incorpo-
rated the 44 individual-level covariates as well as the
7 ecologic covariates at the ZCA and MSA scales.

In the LA Analysis, the investigators used both LUR
and kriging (a method of interpolating missing values)
to estimate exposure concentrations for cohort mem-
bers. The Cox models used to calculate associations
between exposure and mortality included the same
individual-level and ecologic covariates as in the NYC
Analysis. The LA Analysis reported results separately for
analyses that used exposure based on LUR and those
based on kriging of monitored concentrations. The
investigators assembled data from several sources for
the LUR models, including the California EPA’'s 23 PM, 5
monitors and the California Air Resources Board’s da-
tabase for 42 sites monitoring Os.

Despite the common methodologic basis for the
NYC and LA Analyses, the resulting LUR exposure
models and associations between exposure and mor-
tality were strikingly dissimilar. The LA results show
much larger HRs than the NYC results, except for mor-
tality due to IHD (LA: HR = 1.33; 95% CI, 1.08-1.63;
NYC: HR = 1.47; 95% CI, 1.00-2.00; both per 10-pg/m3
increase in PM, ;). These differences may arise from
the range of exposures derived for cohort members
residing in each area, the relative uniformity of PM, 5
exposure in the NYC region, and the differences be-
tween the land-use variables selected as the most ap-
propriate for inclusion in the LUR models that were
constructed for the two metropolitan areas.

Critical Periods of Exposure Analysis

Dr. Krewski’s team performed an analysis de-
signed to explore whether more recent exposures to
air pollution are more or less strongly associated with
mortality than exposures further in the past. Exposure
profiles for this analysis were constructed from aver-
age PM,; and SO, concentrations for periods 1 to 5
years, 6 to 10 years, and 11 to 15 years before death. As
with other analyses, the investigators used the stan-
dard Cox model including individual-level covariates.

The investigators considered the time window
with the best-fitting model (judged by the lowest
Akaike information criterion [AIC] statistic, which is a
measure of how well a model fits the available data) to
be the period during which pollution had the strongest
influence on mortality. Overall, differences in model fit,
HRs, and CIs among the three 5-year exposure periods
were small and demonstrated no definitive patterns.
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High correlations between exposure levels in the three
periods may have reduced the ability of this analysis
to detect any differences in the relative importance of
the time windows.

DISCUSSION

The basic Cox proportional-hazards model used
for the mortality analyses has two major limitations
that the investigators addressed in innovative ways
developed specifically for this study: confounding by
ecologic factors and spatial autocorrelation. Ecologic
confounders are risk factors for mortality that are ob-
served at the neighborhood level, rather than the in-
dividual level. In the current study, in contrast to the
Reanalysis Project, ecologic information was collected
at the ZCA level as well as the MSA level, although not
all ecologic covariates considered previously were in-
cluded in this analysis. Spatial autocorrelation arises
from the way values for certain variables tend to be
similar for people (or areas) that are geographically
close. For example, people who live in the same house-
hold or neighborhood — or even in similar neighbor-
hoods in the same city — tend to have similar health
risks (diet, smoking habits, access to health care), as
well as similar proximity to sources of exposure (e.g.,
freeways and industrial areas). The spatial models in
this analysis differed from those used in the Reanal-
ysis by including random effects at the ZCA, city, and
state levels and by adjusting for correlation between
adjacent ZCAs, cities, and states.

In its evaluation of the study by Krewski and col-
leagues, the Review Committee agreed with the inves-
tigators that key results were robust when adjusted for
ecologic covariates and spatial autocorrelation in the
statistical models. In a recently published follow-on
study of O; and respiratory outcomes in the ACS data,
including the same individual and ecologic covariates
as the current study, Dr. Michael Jerrett and associates
found no indication of important residual spatial auto-
correlation in the association between O; and mortality.

Because the Reanalysis Project tested exten-
sively for confounding by gaseous pollutants of the
relationship between fine particles and mortality, the
Krewski team instead focused the current study on
an extensive exploration of spatial autocorrelation
in a series of one-pollutant models. The Committee
thought that the inclusion of some two-pollutant
analyses would have strengthened the study. The au-
thors note, however, that the available data for most
gaseous pollutants were not sufficient for such analy-
ses, since they came from only a few locations in each

city and could not adequately represent the high de-
gree of spatial variability of pollutant levels in a given
metropolitan area.

The present report combines deaths from cardio-
vascular and respiratory causes—a decision that is im-
portant for continuity with earlier studies but one that
makes the results more difficult to interpret biomedi-
cally. The report singled out the associations between
PM, s and IHD, consistent with previous investigations
with this cohort, but the Committee felt it would be
useful in the future to see the results for other catego-
ries of cardiovascular disease, such as stroke and heart
failure, presented alongside those for IHD.

The fundamental difference in exposure between
the two Intra-Urban Analyses lies in the different rela-
tive influence of regional background concentrations
of PM, 5. The intra-urban studies primarily investigat-
ed variability in local exposure within the regions that
was driven by local sources such as traffic, industry,
and residential or commercial emissions. Despite the
substantial differences in how the LUR models were
constructed and the likely quality of the data used,
the LUR models for LA and NYC were both success-
ful in explaining a moderate percentage of variability
(60 to 65%) in PM, ; concentrations measured at the
monitoring sites. The range of average annual moni-
tored PM, 5 concentrations considered in developing
the models was not very different between LA (9.5 to
28 pug/m?3) and NYC (10 to 20 pg/m3). However, the re-
sulting ranges of exposure assigned by the LUR models
in LA (< 10to>125pg/ms3) and NYC (8 to 20 pg/ms3), by
comparison, suggest that levels of PM, ; are regionally
determined in NYC and highly locally variable in LA.

The intra-urban results for the two regions were
very different, with a strong positive and significant
association between PM,; exposure and mortality
from CPD in LA and no significant association in NYC.
Both the LA and NYC results showed significant asso-
ciations between PM, ; and mortality from IHD, con-
sistent with the results of the Nationwide Analysis. The
authors note that differences in the estimated HRs for
LA and NYC were partially attributable to the different
— and opposite — ways that mortality that was not
explained by the individual and ecologic variables in
the Cox models was distributed relative to the vary-
ing PM, ; exposure levels in the two cities. The higher
exposures in LA tended to occur in areas character-
ized by low socioeconomic status (and relatively high
expected mortality), whereas the higher exposures in
NYC were generally found in areas of high socioeco-
nomic status (and relatively low expected mortality).
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The Committee noted that the inconclusive re-
sults from the NYC Analysis (aside from that for IHD)
were probably due to too little variation in PM, ; expo-
sure across the NYC area, owing to the regional nature
of PM,; exposure in the Northeastern United States.
Relatively uniform exposures would reduce the ability
of the statistical models to detect patterns of mortality
relative to exposure and to estimate HRs with preci-
sion. As for the LA results, the authors believe that the
higher estimates are due to reduced error in the as-
signment of exposures. However, the Committee saw
no persuasive argument that exposure measurement
error would be expected to be less in the LA or NYC
studies than in the Nationwide Analysis. Therefore,
the Committee believes that the most likely explana-
tion for the largely null results for the NYC Analysis
and their divergence from the LA and Nationwide re-
sults was the low variability in PM, ; exposure levels
across the NYC region.

The epidemiologic design used in the analysis of
Critical Periods of Exposure was more complex than
that of the full Nationwide Analysis because it used
two distinct subcohorts of subjects from the main
ACS cohort, rather than the whole cohort as in the
Nationwide Analysis. For each deceased ACS partic-
ipant in each subcohort, time windows of exposure
were calculated as average exposures during succes-
sive five-year periods preceding the date of death.

The use of AIC to compare models including dif-
ferent five-year windows of past exposure is broadly
reasonable, since the number of variables in each
model being compared was the same. The Committee
was somewhat disappointed that the investigators
did not present results for “multi-window” models, in
which the effects of exposure in one time window are
controlled for the effects of exposure in another time
window. Although it is important to know whether
more recent exposure has a greater effect on risk than
earlier exposure, the Committee considered that the
evidence presented was not substantial enough to
draw conclusions based on the extremely small dif-
ferences in AIC values resulting from exchanging ex-
posure in one time window with another.
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CONCLUSIONS

The Extended Analysis represents a broadly
sound and thorough analysis of an already important
cohort study, with several innovative features. The re-
sults consolidate earlier findings by show-ing that the
application of state-of-the-art statistical approaches
to controlling confounders and spatial autocorrela-
tion does not materially change risk estimates; impor-
tant residual confounding (by climate and possibly
other unmeasured determinants of large-scale spatial
variation) cannot be excluded, however, particularly
in the Nationwide Analysis. In analyzing the extended
follow-up data from the ACS cohort for mortality, the
report also provides new risk estimates, including —
for the first time — an estimate for O, and premature
mortality.

The Intra-Urban Analysis for LA suggests that mor-
tality risks associated with PM, 5 exposure may be el-
evated when there is a strong local component of expo-
sure. When the NYC and LA Analyses are taken togeth-
er, however, they underscore the important point that
cities differ markedly in their local exposure conditions
and emphasize the variable importance of the contri-
butions of local sources to the overall risk of mortality
associated with PM, ; exposure. These divergent results
argue for caution in extrapolating from such studies in
any one metropolitan area to other areas.

No single study can be the basis for accepting the
existence of a causal relationship between air pollu-
tion and mortality. With this in mind, the Committee
thought that — with the emergence of new cohort evi-
dence from the United States and Europe — the simi-
larities and differences among the results of the various
studies need to be examined closely. Nevertheless, the
size and character of the ACS cohort makes it likely that
it will remain preeminent.



